ABSTRACT
3 of resistance to insecticidal Bt proteins for which decreased binding is commonly 49
detected. In addition, this study provides the first evidence of down-regulation of 50 membrane bound alkaline phosphatase (mALP) associated with Vip3Aa resistance, a 51 phenomenon commonly associated with resistance to Cry proteins from Bt. Results from 52 this work suggest that mALP down-regulation may be a useful biomarker yet reject its 53 direct participation in resistance to Vip3Aa. 54
INTRODUCTION 55
The polyphagous pest Heliothis virescens (L.) (Lepidoptera: Noctuidae) is well 56 known for producing substantial economic losses, particularly in cotton production, due 57 to its ability to evolve resistance to different synthetic control products, such as methyl 58 parathion or pyrethroids (1, 2) . As an alternative approach, genetically modified crops 59 expressing insecticidal genes from Bacillus thuringiensis (Bt crops) were introduced in 60 1996 for the control of this and other pests. However, extensive use threatens their 61 effectiveness and cases of field-evolved practical resistance have already been reported 62 for some lepidopteran and coleopteran pests (3). 63
Gene pyramiding has been proposed as an effective strategy for insect resistance 64 management in Bt crops (4). This approach consists of combined production of distinct 65 insecticidal Bt proteins in the same plant, and its success heavily relies on the expressed 66 proteins having distinct mode of action, commonly defined as not sharing binding sites 67 in target tissues (5,6). 68
Although the mechanism of action and receptors for Cry proteins have been 69 widely studied (7), little is known about the biochemical mechanisms that underlie the 70 action of Vip3A proteins. Several studies have shown that Vip3A proteins do not share 71 binding sites with Cry1 or Cry2 proteins, yet their damage to the midgut epithelium 72 resembles Cry action (8) (9) (10) (11) . Supported by the lack of shared binding sites, transgenic 73 corn and cotton varieties pyramided with Cry1, Cry2 and Vip3A genes are currently 74 commercialized in several countries. 75
Knowledge of the biochemical and genetic level factors involved in resistance is 76 crucial to design practices that delay the appearance of resistance or allow its rapid 77 detection and ways to overcome it. The genetic potential to evolve resistance to Vip3A 78 has already been shown in some laboratory-selected insect species such as H. virescens 79 5 (12), Spodoptera litura (13) , Helicoverpa armigera and Helicoverpa punctigera (14), and 80 Spodoptera frugiperda (15, 16) . However, the biochemical basis of resistance to Vip3A 81 has only been studied in a laboratory-selected colony of H. armigera, for which alteration 82 of the binding sites was found not to be the cause of resistance (17) . 83
In the present study, we aimed to determine the biochemical basis of resistance in 84 
Vip3Aa binding to midgut brush border membrane vesicles (BBMV) 98
In testing whether binding of Vip3Aa was altered in the Vip3A-resistant (Vip-Sel) 99 compared to the reference susceptible (Vip-Unsel) colony, we measured binding of 100 Vip3Aa labeled with 125 I to BBMV from the two colonies. Binding analyses showed 101 specific Vip3Aa binding for BBMV from both colonies, with similar homologous 102 competition curves (Figure 1, panel A) . A high percentage of non-specific binding to the 103 microtube walls was detected (35-40% of the input labeled toxin), which accounted for 104 most of the non-specific binding (binding that is not blocked by high concentrations of 105
Ligand blotting 156
Since H. virescens ALP was proposed to play a role in binding of Cry1 proteins 157 to the midgut membrane (24), we used ligand blotting to test whether mALP was involved 158 in Vip3Aa binding. Binding of Vip3Aa to blots of resolved BBMV proteins was detected 159 with anti-Vip3Aa antisera. No differences in the Vip3Aa-binding band pattern were 160 detected between both colonies, in agreement with the binding results with radiolabeled 161
Vip3Aa. However, no Vip3Aa binding was observed at the mALP position (~ 66 kDa) 162 (Figure 1, panel B) . 163
164

Transient expression of ALP in cells 165
To further test the potential role of mALP as functional Vip3Aa receptor, we 166 The use of resistant insect strains isolated from the field or selected in the 177 laboratory has been a powerful tool to understand the biochemical and genetic bases of 178 resistance to Bt insecticidal proteins. Many studies have found that the alteration of the 179 membrane receptors is a common mechanism conferring high levels of resistance to Cry 180 proteins (25) (26) (27) Despite the fact that differences in binding were not found between the two H. 
MATERIALS AND METHODS 234
Insects 235
Two colonies of H. virescens originated from the same field population collected 236 in Arkansas (USA) were used in this study: Vip-Sel (Vip3Aa-resistant) and Vip-Unsel 237 (Vip3Aa susceptible). The process of selection of the Vip-Sel colony with Vip3Aa has 238 been previously described (12, 18) . After 13 generations of selection, the LC50 of the Vip-239
Sel colony was 2,300 µg ml -1 , representing a 2,040-fold resistance ratio relative to the 240 control Vip-Unsel colony. Both colonies were reared at the Imperial College London, 241
Silwood Park campus (UK), and frozen larvae were sent for analysis to the University of 242 exchange chromatography, as previously described (11). For ligand assays, affinity 276 chromatography purification was carried out using a HiTrap chelating HP column (GE 277 Healthcare) and then activated with trypsin, as described (11). 278 279
Vip3Aa labeling and binding experiments 280
Purified Vip3Aa activated protein (25 µg) was labeled with 0.5 mCi of 125 I using 281 the chloramine T method (11). The labeled protein was separated from the excess of free 282 125 I in a PD10 desalting column (GE Healthcare Life Sciences, United Kingdom) and the 283 purity of the 125 I-labeled Vip3Aa was checked by autoradiography. The specific activity 284 of the labeled protein was 2.2 mCi/mg. 285
Binding assays were performed as described elsewhere (11) Ligand blotting for the detection of BBMV proteins binding Vip3Aa protein was 316 performed with BBMV proteins resolved and immobilized as described above for 317
Western blotting. The nitrocellulose membrane was blocked for 1 h at 4 ºC in blocking 318 buffer (5% skimmed milk), and after three washes for 5 min each with PBST buffer, it 319 was incubated overnight at 4 ºC with blocking buffer (1% skimmed milk) supplemented 320 with affinity chromatography-purified Vip3Aa at a final concentration of 4 µg/ml. After 321 washing with PBST three times for 5 min each, the membrane was incubated with 322 primary antibody against Vip3Aa at a 1:5,000 dilution for 1 h at RT. After three washing 323 steps with PBST (5 min each), membranes were incubated with secondary antibody (goat 324 anti-rabbit conjugated to HRP) for 1 h at RT. Upon washing three times (5 min each) with 325 PBST, the membrane was developed as described for Western blotting. 326
327
Proteomic analysis 328
After resolving BBMV proteins from Vip-Sel and Vip-Unsel colonies by SDS-329 10% PAGE, the gel was stained with Coomassie blue (Thermo Scientific™). The band 330 corresponding to the expected molecular weight of ALP (~ 66 kDa) was cut out and 331 subjected to analysis by nano-electron spray ionization (nano-ESI) followed by tandem 332 mass spectrometry (qQTOF) in a 5600 TripleTOF (ABSCIEX) system. Results were 333 analyzed with ProteinPilot v5.0 software and the relative amount of the proteins detected 334 was estimated using the exponentially modified protein abundance index (emPAI) as 335 described elsewhere (50). 336 337
RT-qPCR 338
Relative expression levels for HvmALP1 and HvmALP2 isoforms (accession numbers 339 FJ416470 and FJ416471, respectively) were determined by reverse transcription 340 quantitative polymerase-chain reaction (RT-qPCR). For this purpose, total RNA of 341 dissected midguts from both colonies (Vip-Unsel and Vip-Sel) was isolated using 342
RNAzol (MRC Inc., Cincinnati, OH) according to the manufacturer's protocol. Each 343 RNA (1 µg) was reverse-transcribed to cDNA using random hexamers and oligo (dT) by 344 following the instructions provided in the Prime-Script RT Reagent Kit (Perfect Real 345
Time from TaKaRa Bio Inc., Otsu Shiga, Japan). RT-qPCR was carried out in a 346
StepOnePlus Real-Time PCR system (Applied Biosystems, Foster City, CA). Reactions 347 were performed using 5× HOT FIREpol EVAGreen qPCR Mix Plus (ROX) from Solis 348 BioDyne (Tartu, Estonia) in a total reaction volume of 25 µl. Specific primers for 349
HvmALP1, HvmALP2 and Rps18 (endogenous control) genes were as described 350 elsewhere (23). The REST MCS software was used for gene expression analysis (51) . 351
352
Expression vector construction 353
The full-length HvmALP1 transcript was amplified from cDNA of H. virescens 354 larvae and cloned into pET30a as described elsewhere (52). Purified plasmid DNA was 355 
